ADDITIONAL INDEX WORDS. landscape management, plant water use, drought, heat stress SUMMARY. Several large cities in the southwestern United States have set a target to increase their tree canopy cover up to 25%, which often requires more than doubling the current canopy cover. A major goal is to alleviate high temperatures and support public health in addition to gaining all the other benefits conferred by urban forests. Rising temperatures, the arid climate, continued drought, increasing population numbers, and the growing urban forest in the southwestern United States fuel the demand for more water. Using water wisely to garner the benefits of trees requires the application of sufficient irrigation based on the water needs of different species. Current irrigation recommendations for trees are often based on expert consensus. Research-based results of tree irrigation studies from the southwestern United States are presented to give specific examples of how trees respond when they are exposed to different irrigation regimes.
T rees are an important component of urban landscapes and mitigate temperature and local microclimate effects, improve air quality by removing pollutants, store carbon and reduce carbon dioxide emission, and lower energy use for heating and cooling of buildings (Nowak, 1995) . In addition to environmental benefits, trees also play an important role in supporting public health. A study relating the loss of 100 million ash trees (Fraxinus sp.) to the emerald ash borer (Agrilus planipennis) found an increase in human mortality due to cardiovascular and lower respiratory tract disease (Donovan et al., 2013) . This study found a significant relationship between tree loss due to the borer and increased human mortality while adjusting for many demographic covariates. In the southwestern United States, high temperatures in summer pose serious health threats to humans. Landscape designers and architects place trees strategically to alleviate high temperatures in urban areas. In Phoenix, AZ, summer temperatures in lower socioeconomic neighborhoods with higher building density and less vegetation cover compared with highly vegetated neighborhoods had higher temperatures and exposed residents to heat indices associated with dangerous levels of heat disorders, especially during a heat wave (Harlan et al., 2006) .
The role of trees in southwestern U.S. urban landscapes
In the southwestern United States, the cities of Tucson, AZ; Las Vegas, NV; and Phoenix, AZ, have developed plans to increase their tree canopy cover. The City of Tucson had a 10,000 Trees Campaign from 2013 to 14 and reached that goal before the end of 2014. Subsequently, they expanded their plans to double the initial number of trees planted (City of Tucson, 2014) . The City of Las Vegas started an urban forestry initiative in 2008, with the goal to double the average tree canopy to 20% by 2035 (City of Las Vegas, 2008) . The goal of the City of Phoenix is a 25% tree canopy cover by 2030 compared with a 10% canopy cover in 2010 (City of Phoenix, 2010) . This increase in tree canopy is critical, as Phoenix has the highest temperatures of all the major cities in the nation [National Oceanic and Atmospheric Administration (NOAA), 2017]. The City of Phoenix Cool Urban Spaces Project compared how cool roofs and urban forests affected temperatures in the city and found the greatest benefits of lowering temperature in neighborhoods with mesic landscaping and 25% tree canopy cover compared with bare neighborhoods without tree cover (Middle and Chhetri, 2014) . The study found that increasing tree canopy cover from no trees to 10% lowered the temperature in residential areas by an average of 3.6°F. A further increase in tree canopy to 25% resulted in a reduction of 7.9°F or daytime temperatures of 99.5°F compared with the residential area without trees, with average daytime highs of 111°F.
The arid climate and warm temperatures in Arizona continue to attract more residents. Population in July 2017 was estimated at seven million (U.S. Census Bureau, 2018) and Arizona has been among the top 10 states in population growth in recent years. The growing population and demand for more trees in urban landscapes require the judicious use of water resources. Water use in Arizona is dominated by agriculture (74%), followed by municipalities (21%) and industry (5%) [ evaporative demand and rainfall in a geographic area. In the arid mountainous western United States, irrigation can total up to one-third to almost one-half of the total municipal water use (Vickers, 1991) . In Los Angeles, CA, single-family residences used about half of their water for landscape irrigation (Mini et al., 2014) . Three cities in New Mexico showed different preferences for mesic or xeric landscapes based on their location, regional culture, education, and water cost (Hurd, 2006) . The southern areas of Arizona are characterized by some of the hottest and driest climates in the nation. Since 2000, the number of extremely warm nights more than 80°F have increased, along with the summer daytime highs and nighttime lows (NOAA, 2017) . By the middle of this century, unprecedented increases in temperature and extremely hot conditions are forecast for the urban Phoenix area. Although trees lower daytime temperatures, the urban heat island effect is expressed in higher nighttime temperatures in the city compared with the surrounding agricultural or desert areas and trees contribute to this by trapping heat in the canopy (Middle and Chhetri, 2014) .
Precipitation in 14 of the last 20 years was below average levels in Arizona and many areas in the state and neighboring states were affected by different severity levels of drought during that time (NOAA, 2017) . Forecasts predict that spring precipitation will be lower than average and winter droughts will become more common. This forecast extends to the neighboring states of California, New Mexico, and into Texas, with the southern portions of those areas affected more severely.
With the increase in the number of trees planted in urban areas in the southwestern United States and the need to conserve water, landscape managers need to know how to maintain healthy trees with minimum water in a hotter and drier climate. Longer hotter summers, higher night temperatures and higher respiration rates, warmer winter temperatures, and the likelihood of continued drought all raise the question, which tree species are best adapted to these conditions and which ones are most likely to survive with the lowest amount of supplemental irrigation?
Recent tree issues in the desert southwestern United States
In recent years, Cooperative Extension personnel in Arizona have received a growing number of questions about why native or desertadapted trees that were well established and ranged in age from less than 5 years to several decades old in landscapes declined or died. Although trees were inspected for disease organism or insect problems, in many cases, none was found and the conclusion was that abiotic factors caused the demise. These issues were found both in trees that may have received sufficient or insufficient irrigation. It is unknown whether some of the record high summer temperatures or multiple consecutive dry winters may have led to this situation, however, insufficient irrigation over a long period is often suspected of causing decline or death of trees. The warming climate is expected to detrimentally affect forests, especially in water-scarce areas such as the western United States. Although it is still not known how the future survival of sensitive tree species will be affected, a recent study addressed some of these uncertainties by determining the impacts of both drought and insects, two major factors affecting tree mortality, on forest health (Anderegg et al., 2015) .
Pine trees have started to perform very poorly in the Sonoran Desert in recent years. Starting in 2014, mature, nonnative aleppo pine (Pinus halepensis) and afghan pine (Pinus eldarica) in Tucson started to decline and die within a few weeks. A pine engraver beetle (Ips calligraphus ponderosae), native to Arizona's higher elevations but never before found in nonnative pines (Pinus sp.) and at lower elevations 2400 ft, has been identified as the cause of death in many of these trees (Warren et al., 2015) . The engraver beetles generally target trees that are stressed because of lack of water or physical damage. Prevention of drought stress is the recommended treatment to ensure healthy trees. Pines require year-round irrigation, and pine species from mediterranean climates rely on sufficient moisture in winter, supplied by precipitation in their native environment. Higher tree mortality of pine, aspen (Populus sp.), and juniper (Juniperus sp.) in forest ecosystems has been documented resulting from insect outbreaks, increasing temperatures, and drought (Anderegg et al., 2015) . Future research needs to address how these factors interact in urban forests and how strategic management can keep trees healthy.
Brown needles on branch tips or entire branches dying on pine trees in the low desert of Arizona and Nevada have alarmed many residents, landscapers, and arborists recently. Pine blight is primarily found on aleppo pine and symptoms start to appear in winter. The cause of this physiological disease is not known, but drought, extreme day or night temperatures during the previous summer, or a mite are suspected to trigger the symptoms (Olsen, 1999) .
The environmental benefits from large canopied trees such as pine or palo verde (Parkinsonia sp.) are crucial to mitigate the high temperatures in the desert southwestern United States. The increased rate of decline or death caused by abiotic and biotic stressors puts future planting and survival of some large tree species at risk, especially if best irrigation and other cultural practices are not followed consistently. Landscape planners and maintenance personnel need to understand how much water is necessary and how to apply it appropriately to ensure that large-canopy trees, which constitute a significant longterm investment in a landscape, will thrive and provide optimal benefits.
Current irrigation recommendations for trees in the southwestern United States
The Southern Nevada Water Authority (2017) recommends watering depth for trees and a minimum number of emitters based on canopy size but does not provide specific amounts of water to be applied for landscape plants. The New Mexico Office of the State Engineer (2017) Water Use and Conservation Bureau recommends watering trees once per month in winter and every other week during the growing season, with frequency increasing to weekly irrigations during the hottest time of the year. They also recommend how deep to water and wetting the soil at and outside of the canopy drip line. Texas has tree irrigation recommendations from different water organizations, such as the Texas Water Development Board, Water Departments from different cities, and the Texas A&M AgriLife Extension Service (Clatterbuck and Tankersley, 2009) , providing general guidelines similar to those from Nevada and New Mexico.
In Arizona, irrigation recommendations for trees are available through the Arizona Municipal Water Users' Association (AMWUA, 2005) . AMWUA represents 10 municipalities in the greater Phoenix metro area and promotes the responsible use of water. Their watering guide is based on classifying trees as either desert adapted or high water use plants. Recommendations include how often to water during the different seasons and the amount of water needed to wet the root zone of trees depending on their canopy diameter. These values were agreed on by experts working in horticulture, landscape irrigation, urban forestry, and arboriculture when the landscape watering guide was developed. The City of Tucson (2018) released landscape watering guidelines Water by the Weather, for trees categorized as low, medium, or high water users and growing in three typical soil types from silty clay to loamy sand. The number of irrigation days are given for each month and a constant runtime is recommended to ensure proper watering depth of the root zone.
Many agencies, organizations, or municipalities have developed plant lists and assigned low, medium, or high water use to individual species in all southwestern U.S. states. Low water use, drought tolerant plants are in the official regulatory list for the five active management areas (AMAs) managed by ADWR (2017b). AMAs were created in 1980 to ensure a longterm management and conservation of groundwater because the areas relied primarily on groundwater supplies and housed more than 80% of the population. These lists developed by experts with local knowledge in horticulture and urban forestry are used by municipalities and other organizations to establish and maintain landscapes with plants that foster water conservation. California uses Water Use Classification of Landscape Species (Costello and Jones, 2014) to recommend irrigation amounts needed for many plant species, some appropriate for the southwest low desert of California.
Scientific studies on the response of trees to different irrigation regimes in the southwestern United States
Previous studies conducted in the arid climate of the southwestern United States found that landscape trees do not always grow larger in response to increased irrigation (Devitt et al., 1995; Fox and Montague, 2009) . Trees adapt to increasing drought by adjusting physiological responses to the lack of water and continue to transpire (Balok and St. Hilaire, 2002) . A greater amount of irrigation did not translate to a higher rate of photosynthesis and growth of two cultivars of redbud [Cercis sp. (Fox et al., 2014) ]. Tree water use under conditions that do not limit the amount of irrigation water trees receive showed that trees considered xeric-adapted, such as south american mesquite (Prosopis alba 'Colorado'), used more water than live oak (Quercus virginiana 'Heritage') that are adapted to mesic environments (Levitt et al., 1995) .
An irrigation study was conducted with the objective to determine how nine species of commonly planted landscape trees perform with different levels of irrigation in the low elevation Sonoran Desert in Maricopa, AZ (Schuch and Martin, 2017) . From May 2010 until Mar. 2014, trees planted in early 2007 and well established, were assigned treatments based on soil water depletion and irrigation as a percentage of reference evapotranspiration (ETo). The ETo data were obtained from the Arizona Meteorological Network (AZMET) weather station located within 600 ft from the study site. Irrigation using bubblers was activated when the available soil moisture in the root zone (6 ft diameter and 2 ft depth) was depleted by 50%. Water depletion was calculated based on the local reference ETo from the nearby local AZMET weather station and the soil texture properties. Once this threshold was reached, three irrigation treatments were applied: wet, medium, and dry treatments consisted of 80%, 60%, or 40% of ETo from May until October, and 40%, 30%, or 20% of ETo from November to April. Irrigation was reduced by one-half in the cool season to test whether plants can tolerate less supplemental water during the winter months when ETo demand is low. A simulated drought study was implemented from Apr. 2014 until Jan. 2015, when plants received no supplemental irrigation. Our objective was to determine how the trees would respond to being cut off from irrigation, a practice that is not uncommon especially for native or desert adapted trees.
Over the period of four growing seasons, no consistent differences in height, canopy area, trunk diameter, and annual tree ring growth were found for each of the nine tree species. Species in the study included arizona cypress (Cupressus arizonica), afghan pine, evergreen live oak, semideciduous texas ebony (Ebenopsis ebano), and palo verde hybrid (Parkinsonia thornless hybrid); and four deciduous species: desert willow (Chilopsis linearis 'Art's Seedless'), rio grande ash (Fraxinus velutina 'Rio Grande'), pistache (Pistacia · 'Red Push'), and velvet mesquite (Prosopis velutina) (Schuch and Martin, 2017) . Similar results were reported for several growth parameters of trees cultivated in the southwestern United States (Devitt et al., 1995; Fox and Montague, 2009; Fox et al., 2014) .
Even after three growing seasons, it was difficult to visually determine which treatment a particular plant received as all trees increased in size and most maintained good overall quality (Schuch and Martin, 2017) . However, by the fourth growing season, differences in foliage density, branch dieback and declining overall quality became apparent on those trees that were intolerant of the dry or medium treatment. Afghan pine, arizona cypress, and rio grande ash under the dry or medium irrigation treatment started to decline in quality to a degree that threatened their long-term survival. Live oak started to show some leaf abscission and minimal branch dieback under the dry treatment, however, overall quality was still good. Conversely, palo verde, mesquite, pistache, desert willow, and texas ebony maintained excellent appearance with no detrimental effects in canopy density, foliage quality, or health for any of the three treatments from May 2010 until Feb. 2014 . Even under the following growing season's simulated drought conditions, these species and the live oaks maintained acceptable quality ratings and showed no major adverse health effects. Quality of arizona
• August 2018 28 (4) cypress, afghan pine, texas ebony, and rio grande ash dropped below the acceptable aesthetic and health minimum standards and would not be expected to survive long without supplemental irrigation. Texas ebony, native to northeast Mexico and known as a drought adapted tree, was unable to tolerate the lack of supplemental irrigation although it grew well for four seasons under the low irrigation regime.
Conclusions
Expanding urban forests in major southwestern U.S. cities will require judicious irrigation to ensure that new plantings will develop into mature, functional trees to meet the ambitious goals of increasing the tree canopy cover up to 25%. Irrigation recommendations of trees in urban landscapes in the southwestern United States are still primarily based on expert recommendations and require more refinement to realize the greatest benefit from applied irrigation water. Several studies showed that trees grow to similar size with only one-third of ETo compared with 80% to 100% of ETo. This means that up to three trees with concomitant canopies could be cultivated instead of one tree, provided the minimum amount of irrigation allows them to thrive. Questions about how the hotter climate might change irrigation requirements of these species will need investigation. Most studies evaluated young trees for sometimes only 1 or 2 years, and little is known about the effects of long-term low water regimes on mature tree growth and health.
